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A b s t r a c t
The velocity field around the standard Rushton turbine was investigated by the Computational Fluid Dynamics (CFD) calculations 
and compared with results obtained from the Laser Doppler Anemometry (LDA) measured in a pilot plant baffled cylindrical vessel. 
For calculations the Large Eddy Simulation (LES) approach was employed. The impeller motion was modeled using the Sliding 
Mesh technique (SM). The mean ensemble-averaged velocity profiles and root mean square values of fluctuations were compared 
in the radial discharge jet from the standard Rushton turbine under turbulent regime of flow of agitated liquid. There were found 
two subregions in the discharge stream and the values of the axial profiles of the radial component of the fluctuating velocity are 
rather same determined from the LES calculations and from the LDA measurements in the second one ZEF (zone of established 
flow) of the impeller discharge stream, but they differ in the first region ZFE (zone of flow establishment) in the impeller vicinity, 
although they exhibit the same shape. The impeller power number derived from calculations shows also good agreement with values 
introduced in literature with a significant influence of the thickness of the impeller disc.
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S t r e s z c z e n i e
Pole  prędkości wokół  standardowej  turbiny Rushtona przeanalizowano metodą CFD  (Computer Fluid Dynamics)  i  porównano 
z wynikami uzyskanymi za pomocą laserowej anemometrii dopplerowskiej (LDA) w doświadczalnym zbiorniku cylindrycznym 
z przegrodami. W obliczeniach wykorzystano technikę LES (Large Eddy Simulation). Ruch mieszadła zamodelowano z zastosowa-
niem techniki SM (Sliding Mesh). Średnie ważone profile prędkości i średnie kwadratowe wartości fluktuacji porównano z promie-
niowym strumieniem cieczy wypływającej z turbiny Rushtona w warunkach burzliwego przepływu cieczy mieszanej. W strumieniu 
wypływającym z mieszadła wyodrębniono dwa podobszary, a przebiegi profili promieniowych składowych fluktuacji prędkości 
były zbliżone, zarówno otrzymane w wyniku obliczeń LES, jak i z pomiarów LDA w drugiej strefie przepływu  ustabilizowanego 
w sąsiedztwie wirnika, chociaż wykazywały  ten sam kształt. Liczba mocy mieszadła, otrzymana w wyniku obliczeń, wykazała 
dobrą zgodność z wartościami podawanymi w literaturze, przy znaczącym wpływie grubości tarczy mieszadła.
Słowa kluczowe: turbina Rushtona, mieszanie, CFD, LES, LDA/LDV, mieszalnik
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Nomenclature
b  ‒  width of radial baffle [m]
C  ‒  impeller off-bottom clearance [m]
D   ‒  impeller diameter [m]
H  ‒  height of agitated charge above vessel bottom [m]
h  ‒  impeller blade width [m]
Mk  ‒  impeller torque [Nm]
N  ‒  number of experimental points
n   ‒  impeller speed [s‒1]
Po  ‒  impeller power number
r ‒  dimensional longitudinal (radial) coordinate [m]
r* ‒  dimensionless longitudinal (radial) coordinate
ReM  ‒  impeller Reynolds number ReM = nD
2r/m
t  ‒  thickness of the impeller separating disc [m]
T  ‒  mixing vessel diameter [m]
V
tip
  ‒  impeller tip speed [m∙s‒1]
Wr* ‒  dimensionless radial ensemble-averaged mean velocity
wrꞌ  ‒  dimensionless  root  mean  square  value  of  the  radial  component  of  fluctuating 
velocity
Greek symbols
μ  ‒  dynamic viscosity [Pa·s]
ρ  ‒  density [kg·m‒3]
s ‒  standard deviation
1. Introduction
The  flow  inside  the  agitated  vessel  has  a  key  role  in  the mixing  processes. Only  the 
CFD modeling gives us the complex information about the whole flow field in contrary with 
the results of the experimental measurements. The enormous progress of the computational 
equipment  has  allowed  using  more  exacting  turbulence  models  for  solution  of  the  flow 
in  the  agitated  vessel.  Nowadays  not  only  Reynolds  Averaged  Navier-Stokes  (RANS) 
models, e.g. k‒e [1‒6], k‒e, Reynolds Stress Model (RSM) [3, 4] are commonly used, but 
also other more sophisticated methods become topical, e.g. Detached Eddy Simulation (DES) 
[7], Large Eddy Simulation (LES) [7‒14] and even Direct Numerical Simulation (DNS) [14]. 
However, all calculations also need some validation by the experimental results or by  the 
analytical models. The radial impellers are most often used in experiments and calculations 
[15‒20], namely Rushton turbine and there are also analytical models, where the impeller 
discharge stream is modeled as a turbulent jet [ 1, 15, 18, 19].
The aim of  this study is  the description of  the turbulent velocity field in  the discharge 
stream  from  the  standard  Rushton  turbine  impeller  in  the  pilot  plant mixing  vessel with 
baffles at the wall. Investigation will be carried out experimentally (LDA technique) as well 
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as by means of CFD simulation, where  the LES approach was used with  (SM)  technique 
for  the  impeller movement,  because  this  approach has  a  potential  to  be  used  as  a  design 
tool to screen different configurations, but it has not been sufficiently validated for turbulent 
regime [4].
2. CFD calculations
A commercial ANSYS FLUENT v.13.0 solver of the finite volume method was employed. 
The  turbulence was modelled  by Large Eddy Simulation  (LES) with Sliding Mesh  (SM) 
simulation for the impeller movement. The solver was pressure based and for pressure-velocity 
coupling the PISO method was used. The subgrid-scale model was used Smagorinsky-Lilly 
with Second Order Implicit scheme. The schemes for spatial discretization were: Gradient 
– Least Squares Cell based, Pressure – Second Order, and Momentum, was Second Order 
Upwind. The boundary conditions were set: water level to the symmetry and others to the 
no slip wall, where the part of the impeller shaft outside of the sliding region is defined as 
wall with impeller speed velocity. The walls of  the vessel and baffles are provided by the 
boundary layer mesh see Fig. 1. The sliding region has cylindrical shape with distance D/10 
from the  impeller cylindrical envelope see Fig. 2. The solved hexahedral meshes consists 
of 2 465 228 cells (LES 1) and 7 435 557 cells (LES 2), respectively. The finer mesh was 
refined namely in bulk vessel region to attained the maximal cell size under 2 mm, which 
corresponds with maximal size of the measurement LDA volume, see section experimental. 
The time step must not exceed 1/60 of one revolution [10] that corresponds with 0.0032 s for 
300 rpm. Hence, the time step was determined 0.001 s. The calculated time was 60 s while 
the flow development required min 20 revolutions [7, 12] which represent the first 2 s of the 
simulation. Calculated instantaneous flow field over 60 s in the measured plane is depicted 
in Fig. 3. The instantaneous calculated values were time averaged last 30 s of calculations 
and the ensemble-averaged values were obtained in the proposed axial profiles.
Fig.  1.  Mesh in the baffles vicinity and on the impeller surface in detail (LES 1)
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3. Experimental
Measurements  of  the  velocity  profiles were  carried  out  in  a  pilot  plant  flat  bottomed 
mixing  vessel with  four  baffles  at  its wall  (see Fig.  4), with water  as  the working  liquid 
(density r = 1000 kg m‒3, dynamic viscosity m = 1 mPa s) under the constant impeller speed 
300 rpm (Impeller Reynolds number ReM = 50 000). A standard Rushton impeller [21, 22] 
was used for the investigation (Fig. 5).
Fig.  2.  Mesh  (LES  1)  on  the  vessel  wall  and  impeller  with  the  highlighted  sliding  region 
around the impeller
Fig.  3.  Calculated instantaneous flow field in measured plane between the baffles
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Laser Doppler Anemometry  (LDA)  one  component measurements  (in  back  scattering 
mode) of the radial velocity were performed in the impeller discharge stream (see Fig. 4.) 
in  the vertical  plane between  two  adjacent  baffles  in  axial  profiles with  several  distances 
from  the  impeller  blade. The  dimensionless  radial  coordinates  r*  =  2r/D  were:  1.2;  1.4; 
1.6; 1.8; 2.0; 2.2. One component LDA system set-up consists of: Coherent INNOVA 305 
Fig.  4.  Pilot plant cylindrical vessel with a six-blade Rushton turbine (T = 300 mm, H/T = 1, 
D/T = 1/3, C/D = 0.75, b/T = 1/10, four baffles)
Fig.  5.  Sketch of Rushton turbine impeller w/D = 0.2, D1/D = 0.75, l/D = 0.25
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Ion-Argon  laser  supply  with  power  5  W  and  separated  beam  only  for  one  component 
measurement  on  wavelength  514.5  nm;  DANTEC  fiberflow  transmitting  optics  and 
P80 DANTEC BSA processor. The optic parameters were: focal length 310 mm, diameter 
of  the  beam  1.2  mm,  fringe  spacing  2.67  mm,  number  of  fringes  63,  and  the  measured 
volume was ellipsoid with sizes of the axes 0.170 × 0.169 × 1.757 mm. The used frequency 
shift was 40 MHz, and velocity span 7.51 m/s. The set-up was supervised by BSA FLOW 
SOFTWARE v3.0  installed on standard PC where  the data was processed. S-HGS (Silver 
coated – Hollow Glass Spheres) with mean diameter 10 mm and density 1.1 g·cm−3 were used 
as trace particles. The measurement was performed through the glass flat bottom of the vessel 
to eliminate optical effects of the cylindrical walls.
4. Results and discussion
Profiles of the radial mean ensemble-averaged velocity component in the dimensionless 
form where the radial velocity component is normalized by the impeller tip speed V
tip
 = pDn 
are depicted in Figs. 6‒11. The dimensionless coordinate z* is the distance from the impeller 
Fig.  6.  Radial component of the ensemble-averaged mean velocity at r* = 1.2
Fig.  7.  Radial component of the ensemble-averaged mean velocity at r* = 1.4
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disk axis normalized by the half-height of the impeller blade w/2. The profiles are depicted 
for six values of the dimensionless radius r*.
Fig.  8.  Radial component of the ensemble-averaged mean velocity at r* = 1.6
Fig.  9.  Radial component of the ensemble-averaged mean velocity at r* = 1.8
Fig.  10.  Radial component of the ensemble-averaged mean velocity at r* = 2.0
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The  depicted  results  from  CFD  calculations  and  results  in  measured  points  were 
quantitatively compared by calculations of  the mean  square difference,  i.e.  the difference 
between  the measured  and  the  calculated  data  of  dimensionless  radial  component  of  the 
mean ensemble-averaged velocity. It was calculated using formula:
 var ( ) ( ) ,W
N
W Wr r ri
N∗ ∗ ∗
=
= −∑1 21 LDA CFD   (1)
where N = 24 is number of compared points on the profile, Wr* with index LDA means the 
value obtained from LDA measurements and with index CFD it is the value interpolated from 
calculated profile from CFD. Root mean square difference s is expressed as the square root 
of quantity var (Wr*). The results of mean square difference in Tab. 1 signify that the higher 
discrepancy of the profiles is in the region where the zone of establishment is changing to 
the zone of the established flow [1]. The increase of the standard deviation with increasing 
dimensionless  radius  is  probably  caused  by  the  different  shape  of  the  discharge  stream 
and  it  seems  to  be  different  also  at  the  vertical  position of  the  stream which depends  on 
the impeller off-bottom clearance. Comparison results in Table 1 for simulation LES 1 and 
LES 2 supports an idea to use a finer mesh for CFD simulation.
T a b l e  1
Values of the mean square difference among LDA data of the mean ensemble-averaged 
radial velocity component and profiles obtained from CFD in dimensionless form
LES 1 LES 2
r* var (Wr*) s var (Wr*) s
1.2 0.0055 0.074 0.0017 0.042
1.4 0.0082 0.090 0.0026 0.051
1.6 0.0056 0.075 0.0024 0.049
1.8 0.0042 0.065 0.0032 0.057
2.0 0.0017 0.042 0.0006 0.024
2.2 0.0027 0.052 0.0017 0.041
Fig.  11.  Radial component of the ensemble-averaged mean velocity at r* = 2.2
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The r.m.s values of the fluctuation velocity were treated as well as the mean velocities 
to  the  dimensionless  form. The  two  values  of  the  dimensionless  radius  r* =  1.4  and  1.6 
are shown in Fig. 12, where the trailing vortices have an impact to the fluctuation velocity. 
The zone  is  titled  the zone of flow establishment  (ZFE)  [1]. The calculated values of  the 
fluctuations  are  rather  lower  than  the measured  ones.  The  results  in  the  next  zone  titled 
the  zone  of  established  flow  (ZEF)  are  depicted  in  Fig.  13.  There  are  compared  values 
of  the dimensionless  radius r* = 2.0 and 2.2.  It  seems  that agreement between computed 
and  experimentally  determined  values  of  the  fluctuating  velocity  is  better  in  ZEF  than 
in ZFE, because of no contribution of the periodic part of turbulence (pseudoturbulence) to 
the fluctuation velocity component  in this part of the impeller discharge stream.
The power number PO was calculated from impeller torque Mk which was obtained from 
the force balance on the impeller surface provided by the CFD calculations [7]:
 P nMk= 2pi ,   (2)
Fig.  12.  Comparison  of  axial  profiles  of  r.m.s.  values  of  radial  fluctuation  velocity 
in the zone of establishment (ZFE)
Fig.  13.  Comparison  of  axial  profiles  of  r.m.s.  values  of  radial  fluctuation  velocity 
in the zone of the established flow (ZEF)
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 P P
n DO
=
ρ 3 5
.   (3)
For Rushton turbine the results of the power number could be compared with the empirical 
correlation [21, 22], relating the power number to the relative blade thickness  t/D and the 
relative vessel diameter T/T
0
:
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  (4)
where t  =  2  mm  is  the  thickness  of  the  separating  disc  of  a  standard  Rushton  impeller 
and  quantity  T
0
  =  1  m.  The  power  number  derived  from  LES  2  calculations  (Eq.  3) 
was Po  =  5.32  and  it  is  in  a  good  agreement with  power  number  calculated  by  (Eq.  4) 
where Po = 5.00.
5. Conclusions
The  flow  in  the  discharge  stream  from  the  standard  Rushton  turbine  was  calculated 
by  the  Large  Eddy  Simulation  approach.  The  comparison  of  the  mean  radial  ensemble- 
-averaged velocity profiles obtained from LDA measurements gives good agreement with 
the calculated  results  from both LES cases. The  r.m.s values of fluctuating velocity show 
the similar shape of profiles, but the calculations mostly underestimated the values obtained 
by  the  LDA measurements.  The  ensemble-averaged  results  show  the  dependency  on  the 
spatial  resolution  of  the  calculations  (mesh  resolution)  and  on  the  measurement  method 
(size of measurement volume), namely the r.m.s values of fluctuations are strongly affected 
by a spatial averaging. Calculated values of the root mean square difference from the mean 
velocities show the increasing trend from lower dimensionless radius to the value r* = 1.8 
where it probably indicates the boundary between the zone of the flow establishment and the 
zone of the established flow. The same trend is shown in the comparisons of the r.m.s. values 
of the fluctuating velocities. The power number Po = 5.32 derived from the impeller torque 
calculations of the presented LES numerical modeling is very close to the value Po = 5.00 
estimated from empirical correlation based on experimental measurements.
This research has been subsidized by the research project No. GA CR P101/12/2274 and RVO: 
67985874.
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